ABSTRACT In this paper, a new image-based disdrometer is developed to survey the movement of free falling raindrops. The proposed high-speed image velocimetry (HSIV) system comprises a high-speed camera mounted on a lens with long depth of field, a backlight source using an array of blue LEDs, and a computation/control unit for image acquisition and analysis. Further image processing algorithms are produced for raindrop detection and raindrop tracking. The performance of the HSIV system is compared with that of a commercial PARSIVEL 2 disdrometer during a local rainfall event within 12 h, while a tippingbucket rain gauge is also used to estimate the amount rainfall rate during that period. The data obtained from the proposed HSIV system are in good agreement with those of PARSIVEL 2 . Furthermore, the results of the HSIV system are closer than those of PARSIVEL 2 to the actual rainfall, which is determined by the rain gauge. To validate the raindrop tracking algorithm, another experiment is conducted to compare the tracking results with the frame-by-frame visual observation from 2880 consecutive frames within 5 min. Experimental results suggest that the proposed HSIV system facilitates the measurement of the precipitation properties, fall velocity, equivolume diameter, raindrop concentration, and rainfall rate, to real-time monitoring of the rainfall with stable and reliable analysis.
I. INTRODUCTION
This measurement of precipitation is of crucial importance for meteorology, hydrology, and agriculture. Until now, rain gauge is the first device used to estimate precipitation by multiplying rainfall intensity by its duration. However, these devices cannot measure the microphysical properties of raindrops, which are crucial to the calibration of weather radar systems used to derive highly accurate estimates of precipitation [1] .
Disdrometers use a variety of physical and mechanical principles to measure rainfall events [2] - [4] . Like the Joss-Waldvogel disdrometer (JWD), it employs the kinetic energy of free-falling raindrops to assess raindrop size distribution (RSD); however, the lack of raindrops' shapes makes it unable to provide detail precipitation properties [5] . Throughout the last half century, the radar-based microwave technology has been gradually surveyed and now become the most useful tool. Its principle is that radar system transmits microwaves in short pulses, and then measures the backscattering microwaves from raindrops with a short delay. Because the radar beams can travel long distances to detect the targets without any blockage, and such approach is particularly suitable for large scale observation of precipitation. The only weakness is that the radar observation depends substantially on ground precipitation to overcome poor spatial and/or temporal resolution [6] .
Optical sensing techniques have been developed for use in hydrometers for the past two decades. In 2000, Löffler-Mang et al. [7] developed the particle size velocity (PARSIVEL) disdrometer, which uses a sensor to captures images of raindrops passing through a light beam to reconstruct the shape and compute the velocity of the raindrops. This method was expanded to produce a twodimensional video disdrometer (2DVD), which can be used to derive the overall behavior of raindrops as well as their volume. In 2DVD, two orthogonal high-speed cameras were employed to directly estimate the volume and velocity of raindrops; however, the high cost and complexity of these devices restrict their application in outdoor environments.
The hydrometeor velocity and shape detector (HVSD) was developed using two horizontally-situated parallel light beams separated vertically by 10 mm. Then, two line-scan cameras were respectively placed along the upper and lower planes to calculate the properties of free-falling raindrops [8] . Liu et al. [9] developed the CCD-based video precipitation sensor (VPS) with an external trigger to produce double exposures for the detection of falling raindrops. VPS is able to capture raindrops from images to measure the shape and velocity of raindrops. In [10] , the authors developed a high-speed optical disdrometer (HOD) for measuring rainfall microphysical quantities. HOD can be combined with sensor-based methodologies for the observation volume around the focal plane to provide comprehensive data pertaining to raindrop characteristics. All these methods have inherent limitations with regard to measurement accuracy and robustness in field operations.
In this paper, a high-speed image velocimetry (HSIV) system is developed to automatically measure rainfall microphysics accurately during a rainfall event. Then, consecutive frames captured by a high-speed camera are used to isolate free-falling raindrops to estimate their shape, size, position, and fall velocity in order to derive the rainfall rate, accumulated rainfall, rainfall intensity, and RSD. The data are valuable for atmospheric research and weather forecasting. The remainder of this study includes descriptions of the components of the proposed HSIV system, the detection and processing of raindrop images, raindrop tracking to estimate precipitation, and the results of outdoor field tests.
II. PROPOSED HIGH-SPEED IMAGE VELOCIMETRY SYSTEM
With the aim of characterizing raindrops, the identification of each free-falling raindrop in different frames was conducted to analyze the movement of the raindrops in a short period. In the following, our experiment structure and the approaches of raindrop detection and raindrop tracking are described.
As shown in Fig. 1 , the structure of the HSIV system comprises three main parts: a CMOS based high-speed camera (Basler acA640-750gm) with a lens, an array of blue LEDs as a backlight source, and a computation/control unit. High-speed images were captured at 500 frames per second, the exposure time of 69 µs, with a field of view covering 640 pixels × 480 pixels (with sensor size of 3.1 mm × 2.3 mm). To keep the sizes of the images constant, a specialized lens with a long working distance of 226 mm and extended depth of field of 192 mm was employed. To avoid distortion as possible, the focal distance was set to 120 mm, which is well within the depth of field. An LED backlight source (460 nm, Viswell, HBL-100) with a diffuser was used to create flat and uniform light. This illumination ensured that the raindrops were transparent and gave them distinctive edges to facilitate detection. All the specifications are listed in Table I . The control and computation unit performs two functions: data acquisition and image processing. Retrieved images were saved in PNG format with a filename corresponding to the date and specific time of capture. The high-speed camera was connected to a laptop computer via USB 3.0 for data transmission. The backlight source and the high-speed camera were sheltered from the wind and rain by two tunneltype protective housings.
III. PROPOSED HIGH-SPEED IMAGE VELOCIMETRY SYSTEM A. RAINDROP DETECTION
The positions of raindrops were determined according to changes in light intensity in a number of consecutive frames. Image pre-processing procedures were conducted to eliminate the effects of noise and interference from raindrops, dust, and dirt on the lens, while correcting for nonhomogeneity in the light source. The steps are described in the below:
1) A median filter with 3× 3 window was used for image smoothing.
2) A reference background was constructed by the average of 500 images captured from each second time period.
3) A background subtraction was performed for each of these 500 images, and from which variations can be subtracted.
4) A useful threshold method referred to as Renyi entropy [11] , was employed to maximize the two gray-level distributions of the raindrops and background.
A flowchart of the raindrop detection process is listed in Fig. 2 . In the following, a description of Renyi entropy was presented. For an N × M image, f (x, y), the computation of Renyi entropy of order α is formulated as follows:
where α is a positive real parameter not equal to 1, and p i , i = 0, 1, · · · , k is the probability distribution of an image with k gray-levels. Then, with the use of a thresholding method, a gray-level image is usually divided into two distributions of object and background which are defined as follows:
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Here, let k be 255, such that the Renyi entropy of order α is expressed as
and
H α (t) is parametrically varied with respect to the threshold value, t. Then, the threshold value is considered to be optimized when the sum of (2) and (3) is maximized. The expression is formulated as:
These results are applied to the original image to produce a new image, as follows:
We use α to adjust the threshold value, t(α) to obtain the optimal value. To further evaluate the detection error of raindrop size, a test of using the HSIV system for measuring the glass balls of 1-to 5-mm diameters with 1 mm interval, was conducted to validate the processed images. The average errors for all the measurements of the glass balls are less than 6%. The maximum and minimum errors are in the groups of 1 and 5 mm glass ball with the errors of 5.3% and 2.1% respectively.
B. RAINDROP IDENTIFICATION FOR PAIR-MATCHING
The various particle tracking methods are categorized according to the representation of the target [12] - [15] . To observe the free-falling movement of raindrops, precipitation characteristics can be measured simply by assessing the shape, displacement, and orientation of the raindrops. Thus, accurately identifying the trajectory of raindrops frame-by-frame is crucial.
We represented raindrops as an ellipse and used the corresponding minimum bounding box as a replacement for the raindrops in calculating the equivolume diameter. The centroid calculated for the raindrop is the center of the bounding box. Let r k ij denote the displacement vector based on the following relationship:
where x i and x j are the positions of the i th and j th raindrop candidates in the k th and (k + 1) th frames, and m and n are the total number of detected raindrops in the k th and (k + 1) th frames.
The optimal pair-matching association of all raindrops in adjacent frames was obtained by calculating a cost for each individual trajectory of r k ij and the inverse r k+1 ji . The detail execution procedures were explained in the next section. Three important features, such as area difference, relative position, and oblateness variation, were used to evaluate the degree of similarity among raindrops and eliminate unwanted raindrop candidates. Additionally, some points related to features should be noted in the calculation as below. First, an assumption was made that the size of individual raindrops should not differ appreciably from frame to frame. Second, the desire of relative position of a given raindrop in the continuous frames was needed to be closed to the predicted value that was measured by multiplying the fall velocity of the VOLUME 6, 2018 raindrop by the multiplicative inverse of the frame rate. Third, for the oblateness variation, it is clear that the oblateness of a raindrop is keeping similar within a short period.
Any raindrop can be assigned to more than one trajectory, and pair-matching is calculated frame by frame to determine the optimal cost of each. Our algorithm used to link raindrops from only two frames is based on an iterative estimation of match probability (Pro ij ) and no-match probability (Pro * i ). Pro ij is defined as the probability of matching each point x k+1 j to a given point x k i , and Pro * i represents the probability that point x k i does not have a match in the second frame. For each displacement vector, r k ij , the total cost of each trajectory is defined as follows:
where A ij , L ij and O ij are the area difference, relative position, and oblateness variation respectively, and a, b and c are the assigned weights through the iterative experiment. Fig. 3 presents the flowchart of the raindrop tracking algorithm. 
C. COMPARISON OF THE PROPOSED HSIV SYSTEM WITH PARSIVEL 2
The importance of using a variety of instrument to identify discrepancies in rainfall estimates has previously been reported. Thus, we used the second generation PARSIVEL 2 to evaluate the HSIV system with regard to rainfall rate and RSD. Subsequently, measurements of rainfall intensity were obtained at intervals of 1 min, and the performance of the disdrometers was presented minute by minute. A tippingbucket rain gauge with resolution of 1 mm was used as a gold standard by which to evaluate the other measurements.
IV. RAINFALL MEASUREMENT AND DISCUSSION
The HSIV system was used to record rainfall events by obtaining images during the 1 st second of consecutive 30-s periods. Image processing for raindrop detection and raindrop tracking were automatically applied to every frame. Captured frames were averaged over each 1-s interval to provide a reference background in order to make the raindrops stand out. Renyi entropy thresholding was then applied to every captured frame for raindrop detection. Due to limited memory, we saved only the frames in which detected raindrops are combined. Only the frames in which each raindrop exceeds 5 pixels were left for further estimations. Furthermore, a calibration test was applied to the different sizes of the glass balls for evaluating the effectiveness of the HSIV system, and the results demonstrate that the errors are in a small range. The measurement error could be further improved by using stronger light source and higher resolution camera.
The movement of the free-falling raindrops was evaluated by computing a sequence of consecutive frames, in a process referred to as pair-matching aimed at linking two identical raindrops in the current and subsequent frames. This makes it possible to estimate the fall velocity of the raindrops according to their relative positions in two consecutive images. The total cost of the two trajectories, r k ij and r k+1 ji , whether it is C ij or C ji , can be computed based on pair-matching estimation of the i th and j th candidate raindrops in the k th and (k + 1) th frames. Only when C ij and C ji both present the highest probability is a pair-matching association identified for the trajectories of r k ij and the inverse r k+1 ji , which indicates the i th raindrop moving to the position as j th raindrop appeared in the frame. The i th and j th raindrops are then removed from the candidate pool, and the remaining raindrops are continuing to be evaluated. This process is repeated iteratively until no other raindrops can be linked.
Outdoor field test of the HSIV system has been performed during a rainfall event in Hsinchu, Taiwan, from 00:00 to 12:00 on 16 June, 2017 (UTC). After applying the filtering procedure, 73,928 frames from a total of 720,000 captured frames underwent analysis. Fig. 4 presents a sequence of 4 frames illustrating the performance of the proposed system with regard to raindrop detection and raindrop tracking. The green contours indicate the position of raindrops in the following frames. The relative positions of all raindrops passing through the sensing regions were detected in adjacent frames through the evaluation of all cost functions, from which are derived the optimal trajectories. The blue lines in the images indicate the pair-matching results.
To further verify the effectiveness of the method, the raindrop tracking algorithm based on the judgment of the authors was performed. The trajectories were visually examined frame by frame and then tagged as success or failure. The judge's criteria involved in identifying the trajectory of a raindrop are including the area, shape and moving distance for the raindrop. We manually counted the number of raindrops in selecting 2880 consecutive frames, with respect to the maximum rainfall intensity from 02:11 to 02:15, for use as a reference in evaluating the accuracy of the system. The results of which are presented in Table II . In the verification experiment, 92.27 % raindrops were paired and only 7.72% raindrops were unpaired. Except for the unpaired raindrops, 85.95% of the pair-matching trajectories were successfully linked. Tracking errors may be due to the overlap of too many small raindrops in areas where raindrops formed dense collections. It should be emphasized that though there is a certain failure rate of the pair-matching trajectories during the maximum rainfall intensity, the influence on the measurement of rainfall rate is so small as to be unnoticeable. The reason is that the occurrence of the large amount and dense raindrops is low and the accumulation of these small raindrops is rather limited. These difficulties could be overcome by building up more robust raindrop detection and raindrop tracking algorithms in the future work. After recording the RSD and rainfall rate over a period of 12 hrs, we calculated the total rainfall and minute-byminute intensity (see appendix). Figures 5(a) and (b) respectively present the distributions of fall velocity and equivolume diameter (D eq ) over the study period using the HSIV system and PARSIVEL 2 . Considering the influences of the measurement variation in different spaces [16] - [18] , both of the two disdrometers are placed in the same area within 1.5 meter apart to maintain as much consistency between spatial factor as possible. Overall, the RSD from both methods are similar to the empirical velocity relationship followed by Atlas et al. (1973) [19] . Our results revealed that 95% of the raindrops were of small diameter (0.5 m to 2 m), which is in good agreement with the results of PARSIVEL 2 . Furthermore, a recent research has reported that the smaller raindrops between 0 mm to 3 mm are having faster fall velocity than expected [20] and [21] , and the larger raindrops (D eq > 3 mm) are falling slower than terminal fall velocity [22] . This behavior is consistent with the RSD of Fig. 5 in the smaller raindrops for both the PARSIVEL 2 and the HSIV system, but could not be found in the larger raindrops because of the rare occurrence. The results obtained using HSIV system presented slightly greater variation than did those of PARSIVEL 2 , due to the fact that the raindrop tracking algorithm tolerates wide variations in fall velocity. It is also possible that different raindrops of the similar size may have been misjudged. Further refinement of the processing algorithms and an increase in the frame rate could further enhance performance in measuring RSD and rainfall. As shown in Fig. 6 , the rainfall rate measured using HSIV is highly correlated with that obtained using PARSIVEL 2 , with a correlation coefficient of 0.879. The highest rainfall rate was measured at 2:14, as follows: HSIV (1.02 mm) and PARSIVEL 2 (1.64 mm). Overall, PARSIVEL 2 measured a slightly higher rainfall rate than did HSIV. VOLUME 6, 2018 FIGURE 6. Rainfall rate over time as measured using HSIV and PARSIVEL 2 .
The performance of the two systems was also evaluated according to the accumulated rainfall. As shown in Fig. 7 , the results obtained using the HSIV system is in good agreement with the PARSIVEL 2 system, despite a number of random errors. Overall, the accumulated rainfall results obtained using HSIV and PARSIVEL 2 are consistent with those obtained using the rain gauge, as follows: HSIV (27.4 mm), PARSIVEL 2 (30.7 mm), and rain gauge (28.7 mm). We can notice that the HSIV results are close to those of the rain gauge, whereas the PARSIVEL 2 results are slightly higher. In the following, hourly rainfall accumulations from HSIV, PARSIVEL 2 and rain gauge are further analyzed. The result can be seen in Fig. 8 which shows the similar estimations and relatively small biases whether the rainfall rate is large or small. Next, the measurement of RSD using HSIV and PARSIVEL 2 are shown in Fig. 9 . The blue curve presents the RSD obtained using HSIV whereas the red curve shows the RSD results obtained using PARSIVEL 2 . Both curves present a similar trend in addition to the starting point of the equivolume diameter in 0.3 mm. This can be explained by the detection limit of the proposed system, and a higher resolution camera is enabling to improve it. As a whole, the RSD plots demonstrate the efficacy of the HSIV system in providing useful information pertaining to the constitution of raindrops for atmospheric research and weather forecasting. According to the experiment results, the measuring trends between PARSIVEL 2 and HSIV system are generally in agreement with the rainfall rate over time, and their performances are within the studies scope. In the previous reports, some contradictories with respect to the estimation error from the PARSIVEL 2 are inevitable [23] and [24] . The conflicts can be considered as follows. First, the detecting raindrops of the PARSIVEL 2 technology are assumed to be ellipsoid and only one at once is passing through the sensing region toward the ground surface [7] , [25] - [27] . Next, the estimation is susceptible to be influenced by turbulence and horizontal wind [22] , [25] , and [26] . The larger deviation angle of falling raindrops corresponds to the smaller fall velocity, and this is because of a reduced transit time. Third, a variety of sampling uncertainties, such as the splash contamination and margin raindrops without fully inside the sensing region, leads to the detection failures and increases the estimation errors [27] and [29] .
All these factors can be attributed to the measuring mechanism of PARSIVEL 2 which employs a linear array of photodiodes to scan the falling particles and records each slice as it progresses through the sensing region. However, this can be solved by using the proposed HSIV system despite the increase in complexity in raindrop detection and raindrop tracking. It should be noted that the aim of this study is not to belittle the PARSIVEL 2 , but rather to focus on the new approach for assessing the movement of the free-falling raindrops by computing a sequence of consecutive frames captured from a high-speed camera and extracting the useful raindrops features for identifying each raindrop accurately. So, studies of the HSIV system is ongoing to further test and will be discussed to better understand its measuring limitations under different precipitation conditions.
V. CONCLUSION
This paper has described a novel scheme for the characterization of rainfall based on optical projections and image processing algorithms. Specifically, the methods for raindrop detection and raindrop tracking from captured images have been developed. Previous methods depend on manual settings to observe the movement of free-falling raindrops, whereas the proposed method is fully automated to provide data on the fall velocity, equivolume diameter, and concentration of raindrops, as well as the rate of rainfall.
The proposed HSIV system has been applied to a local rainfall event to measure the distributions of fall velocity and equivolume diameter, the accumulation of rainfall, and RSD. To evaluate the proposed system, PARSIVEL 2 and a tipping-bucket rain gauge were conducted for comparisons. The performance of HSIV system with regard to rainfall rate and RSD is in good agreement with those obtained using PARSIVEL 2 . The difference between HSIV system and rain gauge measurements is smaller than that between PARSIVEL 2 and the rain gauge. Our results have demonstrated the efficacy of the HSIV system in the real-time monitoring of rainfall. Nonetheless, HSIV system falls short of PARSIVEL 2 with regard to variations in fall velocity distribution and equivolume diameter. In order to overcome these deficits, the proposed image processing algorithms will be tweaked to enhance pair-matching performance in the future.
APPENDIX

A. RAINFALL FEATURES
After detecting and identifying raindrops in two adjacent frames, the shape and the positions in each frame can be estimated to calculate all the related rainfall features.
1) FALL VELOCITY
Velocity of raindrop u k ij is calculated as follows:
where t is the time interval of the sampling frame. Note that the movement of free-falling raindrops is assumed to be close to its terminal velocity.
2) EQUIVOLUME DIAMETER
Under the effects of air drag, the raindrops do not appear perfectly spherical. Thus, we applied the equivolume ellipsoid to compute the diameter of the raindrops as follows:
where V is the volume of the raindrop, and l and s respectively indicate the long and short axes of the bounding box.
3) RAINDROP CONCENTRATION AND RAINFALL RATE RSD describes the relationship between the concentration of raindrop N D eq and the corresponding equivolume diameter. This is computed as the total raindrop concentration (N T ) divided by the sampling volume of, using the following expression:
The rainfall rate (R) can be obtained by integrating N D eq , the fall velocity of u D eq , and the equivolume diameter of D eq from minimum to maximum, as follows: 
